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We find that a recent experimental determination of the electric polarizability of the deuteron
does not yield any new information on the nucleon-nucleon interaction. Theoretical values for the
central and tensor components of the polarizability are presented.
NUCLEAR STRUCTURE d; calculated electric polarizability.
I. INTRODUCTION
There exist, in the literature, a large number of indepen-
dent calculations of the deuteron electric polarizability
which utilize different model n-p interactions, V„p( S&-
Di), to bind the deuteron. ' Recently, the first einpirical
determination of the polarizability has also been reported.
It is timely, therefore, that the extent to which theoretical-
ly calculated values are model dependent, and hence that
an accurate experimental determination could discrim-
inate between available model interactions, be investigated.
II. THE DEUTERON STATIC POLARIZABILITY
The change, he, in the deuteron binding energy, ed, due
to the dipole component C( r, R) of the deuteron-target (of
charge Z) polarizing Couloinb interaction
P ( r, R)=Ze /( I /
~
R+ r /2
~
—I /R )
is given, in second order perturbation theory, by the ex-
pxesslon
(yd
~
C(r R)QG pc(r R)
~
yd} (2)
Here, r(R) is the relative (center of mass) coordinate of
the n-p pair, Q projects off the deuteron ground state, Pd,
and
G„p —( —ed —H„p )
propagates the nucleons in the intermediate state. Show-
ing the angular momentum coupling explicitly, Eq. (2) can
be written schematically
Ae(R)= g J dKK ( Si+ Di ~ C ( Lg(K))( LJ(K) ~ C ~ Si+ Di }/( ed Etc), — —J (3)
where the continuum state, denoted LJ(K), has energy
Ett fi K /2p, —
and p is the reduced mass of the n-p system. In general,
he comprises both central and rank-two tensor (of the TR
type) terms, and for large R takes the form
b,e(R)= (Ze) (a+3—rTR)l(2R ) .
It is the strength of the central term, a, usually referred
to as the static polarizability, which has been determined
empirically by Rodning et al. through a study of depar-
tures from Rutherford scattering of low energy deuterons.
The deduced value, a =0.70+0.05 fm, is larger than has
been obtained theoretically to date. The need for an accu-
rate estimate for ~ derives from recent studies of low ener-
gy (d,p) stripping reactions. Here, the calculated tensor
analyzing powers, T2, are particularly sensitive to the
deuteron D-state component, and also to the presence of
tensor terms in the deuteron-target interaction. Thus, in
order to obtain accurate D-state information (the asymp-
totic D to S-state ratio, g) from-the measured Tq~, those
tensor force effects associated with r must be reliably sub-
tracted.
Both the central and tensor components, a,~, of the
electric polarizability are a sum of terms
ss +asD +aDD (5)
linear and quadratic in the deuteron S and D states. These
terms shall be evaluated separately, in the following, to
determine the relative importance of the D-state com-
ponent of the deuteron.
III. TREATMENT OF THE n-p CONTINUUM
The weakly bound nature of the deuteron, and the long
range of the dipole coupling term, means that low energy
breakup completely dominates the integral over intermedi-
ate states in Eq. (3). Consequently, it is usually assumed
that plane wave states will give a good representation of
that part of the continuum relevant to the determination
of Eq. (3). We shall investigate the accuracy of this ap-
proximation. More generally, the dominant intermediate
breakup states in Eq. (3) are the Pz configurations, which
arise from direct coupling to both the S- and D-state com-
ponents of the deuteron wave function. The present work
shows that, with intermediate I' waves, the integrand
peaks for Etc &2 MeV. Inspection of the experimentalJ=2 mixing parameter shows that effects due to Pz F2-
coupling can safely be neglected in this energy range. The
only remaining contribution to Eq. (3), other than that
from P states, is quadratic in the deuteron D state and
arises for LJ F2. This term ha—s been calculated assum-
ing free particle states for the low energy relative F waves
and was found to be completely negligible. In the follow-
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ing analysis, therefore, only pure PJ configurations need
be considered.
The aLL, (a =a, rL,L'=S,D) are sums of bilinear corn
binations, I(J:L)'I(J:L'),of integrals of the form
I(J:L)=J dr r fj(K,r)uL(r), (6)
where fq (uL ) is the radial wave function of the P wave-
continuum (deuteron). The presence of the r factor, to-
gether with the resulting dominance of the low energy
breakup components, strongly suggests that the long range
parts of the deuteron ground state wave function
uo(r) =A~e r"/r,
u2(r)=gAs[1+3/(yr)+3/(yr) )e "/r,
will be of particular importance in determining the
I(J:L), and hence the calculated polarizability. We there-
fore investigate the extent to which a and r are in fact
determined by A& and g.
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IV. THE DEUTERON GROUND STATE
VfAVE FUNCTION
As stated earlier, Eq. (3) is conventionally calculated by
replacing the intermediate states by pla~e waves. ' In this
li~it, aqD and ~zz vanish identically, which is not the case
when a realistic J-dependent P-wave n-p interaction,
V„~(P), is used. Our intention here is to assess the sensi-
tivity of the calculated a and r to both the interaction
V„~( Si- Di), which binds the deuteron ground state, and
the interaction V„~(P) which generates the intermediate P
waves. To investigate the former we have performed cal-
culations for a range of available model deuteron wave
functions ' corresponding to different As and i). To clar-
ify the latter point, we have taken for V„~(P): (i) the
Mongan (case I) separable interaction, and (ii) the Reid
local PJ interactions. En the case of the Mongan interac-
tion, the continuum functions fj(K,r) can be expressed in
analytic form, whereas, for the Reid interaction they are
obtained by direct numerical integration of the
Schrodinger equation. Calculations have also been per-
formed in the plane wave limit, V„~(P)=0. The two
model P-wave interactions used are phase equivalent, in
that they both reproduce the experimental PJ phase
shifts, but possess very different off-shell behavior. They
thus permit a check to be made of whether the results of
the calculation are sensitive to more than simply the P-
wave phase shift, and hence whether the polarizability
values obtained are model independent with regard to
V„~(P). Unless otherwise stated, all calculations presented
use the Mongan interaction introduced above.
V. RESULTS AND DISCUSSION
Calculations for a show a~~ to be the completely dom-
inant term. asia and aDD contribute less than 0.5% of a
and we do not consider these individually any further.
For ~, however, no term is negligible; ~~~ and 'TDgp contri-
bute approximately 14% and 5% of ~, respectively.
Clearly plane wave calculations for rIL ~ are therefore in
error. In Fig. 1 the calculated a are plotted against As for
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FIG. 1. Calculated deuteron polarizabilities, a, for a number
of model deuteron wave functions plotted versus the square of
the asymptotic S-state normalization, Aq. The solid line is the
theoretical prediction of Levinger (Ref. 10).
the model deuteron wave functions indicated. ' Calcula-
tions from the literature' are represented by open symbols
and those from the present work by solid symbols. The
calculated values of a are insensitive to whether the
Mongan, Reid (b,a=0. l%%uo), or plane wave (b,a =0.3%) in-
terrnediate state propagator is used. The a values ob-
tained lie, with remarkable accuracy, upon a straight line
of gradient 0.81 fm . The only value which does not con-
form to this empirical relation is the value a =0.58 fm of
Downs. ' The larger value obtained in this case is the re-
sult of Downs having used a strongly attractive effective
P-wave interaction in the intermediate states, with a
strength appropriate to the S~- D~ channel, and is there-
fore unphysical. As a consequence, the continuum func
tion fI, in Eq. (6) is enhanced at small n-p separations, in-
creasing its overlap with the deuteron wave function, and
hence the polarizability value obtained.
The origin of the value of the proportionality constant
is best understood from the work of Levinger, ' which re-
lates the deuteron polarizability to the deuteron inverse
energy weighted photosum, o. q. Using the Bethe-
Longmire effective range formula for the deuteron photo-
absorption cross section, Levinger obtains the relation
a =e fP/(64@ed)/[1 —yp( —ed, —eg)] . (8)
However, in the shape-independent approximation, "A~ is
also determined to very high precision by the experimental
effective range p( —ed, —ed), by the equation
As =2y/[1 yp( —ed, —ed)], —
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and therefore, a direct relationship between a and As is
obtained:
a=e /(64y ed)As . (10)
Alternatively, this same formula can been obtained (Cle-
ment, Ref. 1), using second order perturbation theory, if
the asymptotic form of the deuteron wave function, Eq.
(7a), is assumed to be valid for all r, and plane wave inter-
mediate P states are used. Evaluation of the numerical
constant, in Eq. (10},yields the value 0.81 fm, as obtained
from the second order perturbation theory calculations
which use realistic deuteron wave functions.
In Fig. 2, we consider the extent to which the ~L,z ~ are
determined by A~ and q. For the model deuteron wave
functions of Fig. , 1 we plot, in addition to a/As, the quan-
tities ~ss/As ~sD/gAs and rDalg As The agreement
between different models is extremely good. When the
Reid V„z(P) is used in the intermediate states, instead of
that of Mongan, the calculated ~ change by less than 1%,
and show that ~ is model independent in regard to V„'(P),
provided the interaction reproduces the experimental
phase shifts. We note, however, from Fig. 2, that there
remains some residual model dependence in the calculated
a and v to the particular deuteron wave function used,
that is the nonasymptotic part of the wave function.
To further investigate this sensitivity to the short range
behavior of the deuteron wave function, we have applied
finite range unitary transformations to the radial function,
u~(r), generated by the Reid soft-core interaction. That
is, for r & 2 fm, where our theoretical knowledge is incom-
plete, the deuteron wave function can be modified in an
arbitrary manner, to uL {r), for a given g(r) {=0,when
r & 2 fm), according to
uL(r)=uL(r)+CIg(r) J dss g(s)u'(s),
a=As(1.90' —2.5g —0.006} fm (12b)
for As, g in the range 0.83 fm '~ ~As &0.89 fm
0.025 (g &0.030. This latter relation could be particular-
ly useful, as it makes available the means by which a self-
consistent subtraction of the tensor force effect arising
from r, Eq. (4), can be made in the analysis of sub-
Coulomb (d,p) reactions, where q is itself determined.
While there is, at present, consistency between empirical
and theoretical estimates of the asymptotic D to S-state-
ratio g=0.0271+0.0008 (Refs. 6 and 11), there is much
discussion as to the precise value of As. Ericson and
Rosa-Clot ' recommend a value Az ——0.8846+0.0008
where CI must be chosen to preserve the norm. Beyond 2
fm, for given As and g, the u~ are essentially determined
by the one pion exchange tail of V„' (Ref. 11), are theoret-
ically well understood, and thus remain fixed. We have
taken, for g{r), the transformation of Allen et al. ,' and
varied P, which governs the precise radial form of g(r), in
the range —5—5. The results of this analysis are shown in
Fig. 3 as percentage changes to the calculated a and ~ as a
function of the transformation parameter P. It is evident
that there is very little sensitivity in calculated polarizabil-
ities to uncertainties in the precise form of the deuteron
wave function at small n-p separations. Moreover, the a, r
obtained for given As, g cannot be increased by modifica-
tion of the short range behavior of the uL (r).
The deuteron polarizability, as defined by Eqs. (1) and
(3), is therefore theoretically and experimentally, through
As, g, and the P-wave phase shifts, well determined. For
a model deuteron wave function of given As and g, then
to a very good approximation (see Fig. 2)
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FIG. 2. Calculated values for a/As &ss /As ~sD /gAs and
ODD/'g As for a number of model deuteron wave functions.
FIG. 3. Percentage changes in the polarizability strengths, a
(solid curve) and ~ (dashed curve), as a function of the unitary
transformation parameter P, for the Reid soft-core wave func-
tion (Ref. 8). (The transformation parameter, a, of Ref. 12 is
taken as 1.5.)
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a =0.639+0.006 fm
r=0.0344+0.0013 fm',
(13a)
(13b)
where the errors shown originate from &s and il only.
In conclusion, calculations show that the scalar and ten-
sor components of the deuteron polarizability are deter-
mined, to a precision far greater than that presently avail-
fm '~, whereas Kermode et al. ' obtain a value
0.8883+0.0044 fin '~ with a considerably larger uncer-
tainty. Although this latter value is known to be incorrect
in detail, ' the associated error bar takes in the value of
Ericson and Rosa-Clot, and the preliminary result of the
reanalysis' of the work of Ref. 14. We take the value of
Kermode et al. , ' and its associated error, as being
representative of the current state of knowledge of Aq.
%'ith these values we obtain the results
able experiinentally, by As and g. A necessary element of
such calculations is that one must use a n-p interaction,
V„~(P), in the intermediate P-wave continuum which
reproduces the experimental Pq phase shifts. The possi-
bility of performing yet more precise deuteron elastic
scattering experiments, of the type reported in Ref. 2,
therefore provides, rather than a method of measuring the
polarizability of the deuteron, the means by which one
may investigate the validity of the polarizability concept,
and understand, in detail, the reaction mechanism in low
energy composite projectile scattering.
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